and pressure sensing 9 . Apart from the above-mentioned sensing applications, force sensing by PhC devices attracted attention as the PhC structures are extremely sensitive to mechanical deformation. In these devices the principle of operation is the elasto-optic effect, in which refractive index variation is induced by mechanical stress. The PhC devices embedded on the surface of a microcantilever are of interest, as PhC are extremely sensitive to mechanical bending deformation of the surface of the cantilever beam. Most of the commercially available cantilever deflection sensors consist of an external laser diode unit and a photodiode reported 10 . Various MEMS-based cantilever deflection sensors using sensing mechanisms such as piezoresistive scheme 11 , piezoelectric scheme 12 and capacitive scheme 13 have been reported. Cantilevers integrated with PhC are extremely small in size and highly sensitive compared to the above-mentioned devices. Most importantly, these devices can be integrated with other photonic devices. Several PhC-based force sensors based on external mechanical tuning are reported, in which the PhC device is integrated on top of a cantilever. An ultrasensitive pressure and force sensor is proposed, in which dual-layered InGaAsP PhC micro cavity is used as the sensing element 14 . In this device, multiple beams integrated with PhCs are cascaded to enhance the sensitivity of the device. Later, efforts are made to design single cantilever beam sensors with PhC integration. A PhC nano-cavity resonator on top of a 220 nm thick silicon cantilever beam is proposed 15 . The obtained minimum detectable force is 62.5 nN for a wavelength resolution of 0.1 nm. On the other hand, a Si/SiO 2 bilayer cantilever with PhC ring resonator on top is reported 16 . A sensitivity of 0.1 nm/76 nN with an average quality factor (Q) of 3470 is obtained. Li et al. 17, 18 presented a more sensitive device which consists of a dual PhC ring resonator on a 220 nm thick silicon cantilever. Among different configurations of sensors that are reported in these contributions, the most sensitive device has a minimum detectable force as 7.58 nN, but with a drastically reduced Q of 876. Apart from these devices, a shoulder-coupled aslant nanocavity-based PC stress sensor is proposed, which is capable of sensing in two directions 19 . In horizontal and vertical directions, the sensitivity is found to be 7.5 and 10 nm/N respectively, with a Q factor of 3000.
In most of the above-mentioned applications, good quality factor is essential to ensure optimal performance. In particular, for force sensing application, Q should be as high as possible and it should be constant for all the measured forces. In this work, we designed a PhC ring resonator-based force sensor with high Q factor, linear wavelength shift and almost constant normalized intensity. The design and modelling involves two phases. In the first phase, the PhC ring resonator is optimized to show high quality factor. This is done by several iterations of finite difference time domain (FDTD) method simulations to obtain the transmission spectrum of the device. In the second phase, finite element method (FEM) simulations are performed to obtain the deformation of PhC structure under various applied forces. These deformations are applied in FDTD simulations to obtain the sensor characteristics for various applied forces. The proposed device is studied under applied forces of a wide range from 0 to 10 N. In the following we deal with design of an optical device with 2D FDTD simulations and then explain the force sensing characteristics with simultaneous FEM and FDTD simulations. Conclusions are given at the end.
The PhC device consists of a hexagonal lattice of air holes on a 220 nm thick silicon device layer, which is integrated with a 600 nm thick SiO 2 layer underneath ( Figure 1) . Thus, the device comprises three layers of different materials, namely air/Si-220 nm thick/SiO 2 -600 nm thick with refractive indices of 1/3.46/1.45 respectively. All these dimensions are considered based on the existing silicon process technology. The effective refractive index is derived as 2.82. The lattice constant and hole radius of PhC device are taken as 410 and 120 nm respectively. Defects are added into the PhC structure, so that line defect waveguides and hexagonal ring are formed in the structure. This is done by removing two rows of holes and removing holes along the contour of the hexagonal ring ( Figure 1 ). As shown in Figure 1 , there are four port in the PhC device, namely input port, transmission port, forward drop port and backward drop port. A broadband source of light centred at wavelength of 1550 nm is chosen as the input at the input port. According to the design of the sensor, our signal of interest is backward drop based on which the force is sensed.
In 2D FDTD simulations, the effective refractive index of 2.82 is used to get transmission spectra at various ports ( Figure 2) . Two peaks can be noticed in the backward drop spectrum at 1553 and 1562 nm. Since the peak at 1562 nm is relatively sharper with a quality factor of around 3000, we consider this peak as the output of the sensor. This configuration of PhC ring resonator with Si/SiO 2 cantilever will not serve the purpose of force sensing properly, as it is observed that the Q and normalized intensity vary significantly as the applied force increases. To avoid this issue, we optimized the PhC ring resonator such that Q is improved further and is constant for all applied forces. This involves optimizing the size of holes inside the hexagonal ring, where the radius of the centre hole inside the ring is denoted by R 0 , and the size of the holes in the succeeding rings is denoted by R 1 and R 2 respectively. As these holes with optimized radii are sufficiently separated from the line defect waveguides, it does not affect the quality factor; even when deformation occurs because of the applied force, Q remains the same.
Quality factor of any PhC device can be increased by increasing the size of the cavity. In our work, we have chosen the central hole with radius R 0 inside the hexagonal ring as the cavity. Significant improvement in Q is observed with increase in R 0 . During this process of increasing R 0 fabrication limitations are considered. According to these limitations, there should be at least 100 nm of separation between successive holes. Hence R 0 is optimized to 140 nm to keep the separation between holes above 100 nm. It is observed that if R 0 alone is increased, the cavity becomes more multimodal. To avoid this, we reduce the refractive index contrast by optimizing R 1 and R 2 as well, so that the values of R 0 , R 1 and R 2 are close. The optimized values of R 0 , R 1 and R 2 are 140, 135 and 130 nm respectively. Figure 3 shows the transmission spectra at various ports of the PhC device with optimized R 0 , R 1 and R 2 . It can be noticed that the Q factor is increased to 10,000 at wavelength 1552 nm, shown in red colour. Because of increased Q, this PhC device can be used as a force sensor over a wide range of forces. Next we deal with force sensor characteristics.
The proposed force sensor consists of a bilayer cantilever with 220 nm silicon layer integrated on a 600 nm silicon dioxide layer. The 220 nm thick Si layer acts as device layer. The optimized PhC ring resonator is made on this device layer, in such a way that the ring resonator will be affected by maximum applied stress leading to more strain in the longitudinal direction. Here strain is considered as percentage change in the diameter (D) of the hexagonal ring. Three-fourth of the PhC device is kept on the cantilever beam and ring is placed at the junction of the beam and bulk part of the cantilever, as shown in Figure 4 . As mentioned earlier, the principle of operation of the device is based on elasto-optic effect. When force is applied in the Z-direction on the tip of the cantilever, the air holes will be displaced in the direction parallel to the line defect waveguides. Thus, the hexagonal ring will be elongated in the longitudinal direction, changing the ring to become more oval-shaped. This deformation of the ring will cause resonant wavelength shift towards longer wavelength. In order to obtain the deformation data corresponding to various applied forces, FEM simulations are performed. For each applied force, the corresponding resonant wavelength is obtained by performing FDTD method simulations over the deformed PhC structure.
In FEM simulations the Young's modulus and Poisson's ratio of Si and SiO 2 are chosen as 130 GPa, 70 GPa and 0.3, 0.17 respectively. Along with the abovementioned parameters, the refractive index of silicon remains unaffected at room temperature. Hence the temperature effects on the device at room-temperature are not considered. Simulations are performed for forces in the ranges 0-1 N and 0-10 N, with force increment of 0.1 and 1 N respectively. Figure 5 shows the positions of various peaks corresponding to different applied forces in the range 0-1 N. It can be seen from the figure that the peak intensities and Q factors are uniform and the wavelength shift is linear with respect to applied force. Similar behaviour of these parameters can be observed in the device characteristics for the forces in the range 0-10 N as well ( Figure 6 ). From these characteristics, the sensitivity of the device is derived as 10 nm for an applied force of 10 N. Almost the same sensitivity is observed in the force range 0-1 N as well. The results obtained are compared with those of planar nano-ring resonator (NRR)-based sensor reported by Mai et al. 16 ( Table 1) . Even though the proposed sensor offers less sensitivity than the one reported, because of the optimized ring resonator structure and increased Q factor, the ability to measure the sub-micro Newton forces is improved. Hence forces over a wide range can be detected with minimum variation of Q factor, as shown in Table 1 . In the earlier work, resonant wavelength peaks for all applied forces were not readable; however, they are readable only for those forces that are presented in Table 1 . Based on these observations, it can be noticed that the present sensor will give better performance compared to the one reported.
Our simulation results have shown that the detection capability with high Q factor can be continued up to 18 N of the applied force. When forces beyond 18 N are applied, because of the abnormal variation of refractive index on the surface of the cantilever beam, the wavelength shift may not be linear, leading to Q factor degradation. Thus, the proposed sensor can measure very small forces in a wide range from 100 nN to 10 N with linear wavelength shift ( Figure 7 ) and constant Q factor. Since the sensor is highly sensitive, the microcantilever surface can be functionalized to bio-applications like detecting DNA, protein molecules, etc.
In this work, a PhC ring resonator-based force sensor which is capable of sensing forces in a wide range, i.e. 0-10 N is proposed. The PhC ring resonator is optimized to get high Q factor of 10,000 and it is observed that Q remains the same throughout the studied force range. Force sensor characteristics of the sensor in the ranges 0-1 N and 0-10 N are presented. From these results, it can be concluded that the device is capable of measuring forces in the specified wide range with high Q factor and linear wavelength shift. The designed sensor may find potential applications in bio-sensing like detecting DNA, proteins, etc.
